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Abstract 
In this study, a new fatigue testing method under shear and axial loading was developed for small specimens (3 mm long and 0.3 
mm thick). The method was applied to a single crystal of pure iron and extra-low carbon steel in order to investigate the effect of 
shear and normal stress on cyclic slip activity. The specimen was sufficiently small to be prepared from a single crystal, aiming at 
a specific slip system in the shear loading direction. Moreover, the specimen had a single edge notch, which was designed to 
generate both pure shear stress and normal stress. Using this testing method, shear fatigue strength with a static normal stress on 
the slip system )101( [111] was evaluated, and the fatigue strength was compared with that of polycrystalline ferrite steel with 
static axial loading. 
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1. Introduction 
Fatigue crack initiation in metals is induced by cyclic slip deformation. Slip activity is affected by multiaxial 
stress state in both the shear and normal directions on a slip plane. However, it is difficult to evaluate the effect of 
multiaxial stress on the slip activity in a certain slip system using the conventional multiaxial fatigue testing method 
for polycrystals because constraints of deformation by grain boundaries cause a complicated stress distribution and 
then multi-slip easily occurs. To solve this difficulty, it is necessary to conduct a single-crystal fatigue test suitable 
for evaluating the slip activity in the single slip system.  
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Many researchers have performed the single-crystal test to investigate the slip system. The single-crystal fatigue 
test was carried out by Leidermark et al. with a notched specimen for superalloys [1]. Franciosi et al. evaluated the 
slip system activity in iron single crystals [2]. Landa et al. evaluated fatigue crack growth with an Fe-2.7wt%Si 
single crystal by experiment and molecular dynamics (MD) [3]. They claimed that the Paris exponents evaluated by 
the experiment and MD were similar. These researches evaluated the slip activities, however, there have been fewer 
applications to BCC than to FCC, due to the complication of the multi-slip systems activity. Iron, a BCC metal, is 
widely used in construction and other applications. If the effects of multiaxial fatigue on the slip activity in the iron 
were quantitatively evaluated, the mechanism of fatigue crack initiation could be clarified. 
There are three difficulties in conducting the single-crystal iron fatigue test in the single slip system. The first 
problem is to obtain a large single-crystal iron aiming at the crystal direction. It is not easy to grow a large single 
crystal of metal, and a large single crystal is less than 10 mm, which is quite small for conducting the fatigue test. 
Moreover, the growth of the crystal is random direction. Thus, it is difficult to make a specimen for the purpose of 
the single-crystal iron fatigue test because it needs large single crystal and high accuracy of the crystal orientation. 
The second problem is to activate a single slip plane. A slip is activated by shear loading. Single-crystal torsion tests 
have been carried out [4,5], but in these tests the maximum shear stress was applied on the surface of the cylindrical 
area, and the shear stress on the slip plan is different at each point on the surface of the cylindrical area. Therefore, 
the conventional torsion test could not be applied for the activation of the single slip plane. The third problem is 
multiaxial loading fatigue. There has been a limited number of multiaxial fatigue testers. For the purpose of 
evaluating the multiaxial fatigue on slip activity, the fatigue tester needs a loading device applying the shear and 
normal stresses to the single slip system.  
 In this study, a new fatigue testing method under shear and axial loadings was developed for a small specimen (3 
mm long and 0.3 mm thick), and was applied to a single crystal of pure iron and extra-low carbon steel in order to 
investigate the effect of shear and normal stresses on cyclic slip activity. The specimen was sufficiently small to be 
prepared as a single crystal aiming at a specific slip system in the shear loading direction. Moreover, the specimen 
had a single edge notch, which was designed to generate both pure shear stress and normal stress. Using this testing 
method, shear fatigue strength with static normal stress on the slip system )101( [111] was evaluated, and the fatigue 
strength of a single-crystal iron was compared with that of polycrystalline ferrite steel subject to static axial loading. 
 
2. Experiments 
2.1. Material 
A polycrystal of hot rolled extra-low carbon steel and a commercial single crystal of pure iron were evaluated. 
The chemical composition of the steel is given in Table 1 and the properties of the single-crystal iron are 
summarized in Table 2. The material process and mechanical properties of these materials are shown in Table 3. 
These materials were categorized as pure iron, thus solute strengthening and precipitation hardening effects were 
eliminated. The hot rolled extra-low carbon steel was rolled to 7 mm thick, and had polycrystalline ferrite phase. 
The single-crystal iron was coin-shaped (9 mm diameter and 2 mm thickness) with an orientation )101( [111]. The 
single-crystal iron was produced by Metal Crystals & Oxides Ltd. using thermal annealing processes. The single-
crystal iron also has a ferrite phase. 
 
 
 
 
 
 
 
 
 
 
C Si Mn P S 
0.0016 0.01 0.1 0.021 0.006 
Process Thermal annealing process 
Purity 3N8 
Size I9×t2[mm] 
Orientation 
Polished surface: {111} 
orientation flat:<110> 
 
Table 1 Chemical composition of polycrystal of extra-low carbon steel 
(mass%). 
Table 2 Property of single crystal of iron. 
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2.2. Specimen 
Fatigue specimens were trimmed from the material. The shapes and sizes of the fatigue specimens are shown in 
Fig.1, in which (a) depicts the shape of the small fatigue specimen and (b) illustrates the shape of the torsion fatigue 
specimen. The sampling area is illustrated in Fig. 2. The sampling area was located at the center of the thickness of 
each material. The specimen trimmed off from the single-crystal iron had an orientation )101( for the longitudinal 
direction, and orientation [111] for the width direction. The longitudinal direction of the specimens of the extra-low 
carbon steel was same as the rolling direction. Electron backscatter diffraction (EBSD) measurement of these 
materials specimen is shown in Fig. 3. The flat plane of the specimens was evaluated by EBSD. The result of the 
extra-low carbon steel shows small grains with random orientation, while the single-crystal iron has an aimed 
orientation )101( [111] on the cross section of the specimen. The small fatigue specimens were trimmed by wire 
electric discharge machining and the surfaces of the specimens were processed by chemical polishing. Torsion 
specimens were prepared by metal cutting work and the surface of the specimens were polished by buffing. 
Finite element analyses (FEA) were conducted for evaluation of the specimens. The analytical conditions and 
results of the FEA are shown in Fig. 4. The FE model was made by elastic elements so as to have the same shape 
and size of the fatigue specimen. The nodal displacements on the outer side of the gripping area were fixed. The 
nodal displacements on the other gripping surfaces were constrained to move with the reference nodes at which the 
shear and tensile loads were applied. The rotation around three axes and the displacement in z direction were fixed 
in the reference points. As a result, the maximum stress was uniformly distributed on the notch bottom in the tensile 
loading. The maximum stress occurred at the center of the notch bottom in the shear loading. Moreover, these 
maximum stresses at the tensile and shear loading were dominated by the normal and shear stress component, 
respectively. Therefore, pure tensile stress was applied on the bottom notch in the tensile loading and pure shear 
stress was applied at the center of the bottom notch in the shear loading. The stress concentration factors of each 
loading were evaluated by comparing with the FE analysis result and the nominal stress on the cross section of the 
specimen. The stress concentration factors of tensile and shear loading were determined as 2.69 and 2.04, 
respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Material Manufacturing process 
Grain size 
dave 
TS 
(MPa) 
YS 
(MPa) 
Extra-low carbon steel 
(polycrystalline ferrite steel) 
Hot Rolled 31 Pm 296 176 
Single-crystal iron 
(Tensile test for <112> direction) 
Thermal annealing process - 249 160 
Table 3 Mechanical property of extra-low carbon steel and single-crystal iron. 
Fig. 1 (a) Shape of small fatigue specimen; (b) Shape of torsion fatigue specimen. 
 (a)   (b)  
 (a)  
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Fig. 2 (a) Sampling area of single-crystal iron; (b) Sampling area of hot rolled extra-low carbon steel. 
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2.3. Test method 
Two types of fatigue testers were used for this research. These fatigue testers were composed of electromagnetic 
type servo actuators. An axial loading fatigue tester (Tytron250, MTS corp.) was used for the small fatigue 
specimen, and a self-made torsion fatigue tester was used for the torsion fatigue specimen. The shape and scheme of 
the torsion tester is shown in Fig. 5. This tester is composed of frame, motor (M-PS1006KN002, NSK Ltd.), torque 
cell (TP-1000NCR, Syowa Sokki Corp.), and a controller including a PC, motor driver, A/D board and function 
generator. The frame has slide guides for the axial direction, thus this tester releases the axial load. Owing to these 
slide guides, pure shear stress is applied to the specimen. The controller adjusts the torque and torque-controlled 
cyclic loading are achieved. The control sequence of this tester is programmed by Labview©. 
This axial loading fatigue tester was equipped with jigs for tensile and shear loading. These jigs were designated 
to realize the gripping and the movement of the grip in the FE model and they enabled the cyclic shear loading with 
axial loading. The scheme and the view of the jigs is shown in Fig.6. These jigs had three features. Firstly, the 
gripping area of the jigs consisted of three parts, i.e., hooking for tensile loading, back guides for compression 
loading and side guides for shear loading. Then, the jigs have the ability for keeping the boundary condition in the 
FE analysis. These gripping jigs were suitable for small specimens, because it was difficult to fix the small specimen 
without gap by ordinary mechanical gripping or pinning. Secondly, the longitudinal direction of the specimen was 
fixed to be perpendicular to the stroke direction of the fatigue tester. Finally, the jigs were equipped with a stage and 
load cell for axial loading so that mean axial loading could be controlled. Thus, these jigs could be applied for cyclic 
shear loading with static axial loading.  
 The small shear fatigue test and the torsion fatigue test were conducted for the materials. The small shear fatigue 
tests were applied to the hot rolled extra-low carbon steel and the single-crystal iron. These fatigue tests were the 
load controlled testing with sine waves input. Stress ratio R was 1, and cyclic shear loading was applied at the 
2.5~5 Hz operating frequency. The applied stress was estimated from the stress concentration ratio. The axial load 
Fig. 3 (a) EBSD measurement for specimen of single-crystal iron; (b) EBSD measurement for specimen of extra-low carbon steel. 
 (a)   (b)  
Fig. 4 (a) Computational model; (b) Distribution of stress Vx in tensile loading; (c) Distribution of stress Wxy in shear loading. 
 (a)   (b)   (c)  
Single crystal iron
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001 101
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Kt=2.69
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Maximum shear stress: 135.7 MPa
Nominal stress: 66.7 MPa
Kt=2.04
Wxy [MPa]
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was kept so that the stress on notch bottom did not exceed the tensile strength. Previous research presented the notch 
effect for fatigue-limit diagram, which indicated the relationship between the stress amplitude and nominal mean 
stress [6]. The notch effect caused a change in the slope of fatigue-limit diagram, the stress concentration due to the 
notch affected the stress amplitude but did not affect the nominal mean stress in the diagram. From the perspective 
of this research, the mean stress of axial loading was defined as nominal stress. After the fatigue tests, a 
fractographic study and crack path analysis were conducted. Moreover, single-crystal iron was evaluated in the 
crystal direction, and the relationship between the slip system and the crack path was investigated. In addition, a 
torsion test was carried out for hot rolled extra-low carbon steels in order to compare the fatigue strength. Torque-
controlled fatigue tests were performed and the sine waves are also input. The stress ratio R was 1, and cyclic 
torsion loading was applied at the 15 Hz operating frequency. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Results and discussions 
S-N curves for the extra-low carbon steel are shown in Fig. 7 and the shear fatigue limit is given in Table 4 as the 
median of the minimum broken stress and maximum unbroken stress. The fatigue lives become longer as the axial 
stress becomes lower. According to the previous study [7], the torsion-fatigue limits increase as the axial stress 
decreases. Furthermore, variation of the fatigue limit is 10~20% of the shear strength without axial loading, while 
axial loading is about 1.5 times of the yield stress. In other words, the fatigue limit increases 10~20% with axial 
compression loading comparable to the yield stress. The experimental results follow the previous findings. Also, 
compared to the torsion-fatigue test, the fatigue strength of the small fatigue test is 20 MPa higher than that of the 
torsion-fatigue test. Even though the absolute value of the fatigue strength should not be compared because of the 
size effect and the stress concentration effect, the order of the fatigue strength is nearly the same. 
 The fractography of the hot rolled extra-low carbon steel is shown in Fig. 8. The semicircular fatigue fracture 
surface is located in the vicinity of the center of specimen and dimple fracture surfaces are observed on the other 
area. Furthermore, grain size depression is observed at the fatigue crack initiation site. The intergranular fracture of 
the hot rolled extra-low carbon steel is observed at the fatigue crack initiation sites in the tensile-compression axial 
loading fatigue test [8]. Therefore, the grain size depression may be attributed to the intergranular fracture. 
Moreover, as the fatigue crack initiated at the center of the specimen, it is reasonable to evaluate this test by the 
stress amplitude at the center of the specimen. 
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Fig. 5(a) View of self-made torsion fatigue tester; (b) Scheme of torsion fatigue tester 
 (a)   (b)  
Fig. 6(a) Scheme of jigs for tensile and shear loading; (b) Detail scheme of chucking; (c) View of jigs for tensile and shear loading. 
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S-N curves for the single-crystal iron are shown Fig. 9 and the shear fatigue limits are given in Table 5. The 
single-crystal iron shows the same tendency that the fatigue lives become longer as the axial stress becomes lower. 
Moreover, variation of the fatigue limit is also 10~20% of the fatigue limits without axial loading. As the fracture of 
the single crystal correlates with the crack initiation and microcrack propagation in general, axial loading of nominal 
stress may affect crack initiation and microcrack propagation. 
 The fractography and the side view of the fracture surface for the single-crystal iron are presented in Fig. 10 and 
Fig. 11. The fracture surface of the single-crystal iron is flat in comparison with that of extra-low carbon steels. 
Parallel lines for the slip direction are observed on the fracture surface. These results imply that the fracture surface 
is made by single slip activity. Based on the side view of the fracture specimen without axial loading condition, the 
fracture surfaces are composed of a single flat plane. Thus, the single slip system )101( [111] may only be activated 
by the cyclic shear stress without the axial loading condition. On the other hand, the fracture surfaces are composed 
of two planes and become step-wise shaped with axial tensile loading. As the maximus shear stress range is applied 
to the center of the specimen, )101( [111] slip system may activate and initiate the crack at first. The stress field 
composed of shear and tensile stress generates the maximum shear stress for different directions. The direction of 
the maximum shear stress is tilted about 15 degrees against the shear loading direction under the stress condition of 
Fig. 11. Then, another slip system may be activated. 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5 Shear fatigue limit of single-crystal iron. 
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Fig. 7 S-N curves for extra-low carbon steel. 
Fig. 8 Fractography of hot rolled extra-low carbon steel (Wa=119 MPa, Vmean= +97 MPa, R=1, Nf= 2.31×105). 
Fig. 9 S-N curves for single-crystal iron. 
Axial loading 
Vmean 
Shear 
fatigue 
limit Ww 
[MPa] 
Shear fatigue 
limit/ 
Shear fatigue 
strength 
Tensile 
 (97 MPa) 
109 0.90 
No loading 
(0 MPa) 
122 1.00 
Compression 
(97 MPa) 144 1.19 
Table 4 Shear fatigue limit of extra-low carbon steel. 
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The fatigue strength of the single-crystal iron was compared with that of the hot rolled extra-low carbon steels as 
polycrystalline ferrite steel. Sine presented the cyclic torsion strength with static tension and compression [7].  As a 
result, cyclic torsion-fatigue limit normalized shear-fatigue strength without axial loading decreases with the 
increase of normalized axial mean stress by yield strength. Furthermore, the amounts of decrease are the same for 
different metals. The shear fatigue with static tension and compression is evaluated in Fig.12. The results of this 
study are plotted at the same order as those presented by Sine. Thus, the same amount of shear-fatigue decrease with 
static tension is followed by the single-crystal iron and the polycrystalline ferrite steel. This effect would be caused 
by the slip-activity changing with static axial loading. 
 
Fig. 10 (a) Fractography of single-crystal iron; (b) Side view of fracture surface of single-crystal iron. 
(Wa=119 MPa, Vmean= 0 MPa, R=1, Nf= 5.11×105) 
Fig. 11 (a) Fractography of single-crystal iron; (b) Side view of fracture surface of single-crystal iron. 
(Wa=147 MPa, Vmean= 65 MPa, R=1, Nf= 1.05×105) 
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4. Conclusions 
In this study, a new fatigue testing method under shear and axial loading was developed for small specimens (3 
mm long and 0.3 mm thick). The method was applied to a single crystal of pure iron and polycrystals of extra-low 
carbon steel in order to investigate the effect of shear and normal stress on cyclic slip activity. The results obtained 
here are summarized as follows. 
 
(1)  A new fatigue testing method is proposed in this study, which is designed with constraints on the four side 
faces of the gripping area of the small specimen so that cyclic shear loading with axial loading can be 
conducted. Fatigue strength is obtained by the present fatigue testing methods, and the order of the fatigue 
strength is close to the fatigue strength obtained by cyclic torsion test.  
(2)  The single-crystal iron and the extra-low carbon steel show the similar tendencies: Fatigue lives become longer 
as the axial stress becomes lower. Variation of the fatigue limit is 10~20% of the fatigue limits without axial 
loading and these tendency are almost same as cyclic torsion with static tension and compression reported in 
previous studies. Since the fracture of single crystal correlates with the crack initiation and microcrack 
propagation, the axial loading of nominal stress may affect the crack initiation and microcrack propagation. 
(3)  The fracture surfaces become flat plane in cyclic shear stress for the slip direction without axial loading. On the 
other hand, the fracture surfaces are composed of two planes and become step-wise shape with axial tensile 
loading. These results suggest the single slip is activated in the shear fatigue without axial loading, and multi 
slips are activated in the shear fatigue with tensile axial loading. 
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